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One of the most powerful tools in the arsenal of theoretical cosmologists is the halo model of
large scale structure, which provides a phenomenological description of nonlinear structure in our
universe. However, it is well known that there is no simple way to impose conservation laws in
the halo model. This can severely impair the predictions on large scales for observables such as
weak lensing or the kinematic Sunyaev-Zel’dovich effect, which should satisfy mass and momentum
conservation, respectively. For example, the standard halo model overpredicts weak lensing power
spectrum by > 8% on scales > 20 degrees. To address this problem, we present an Amended
Halo Model, explicitly separating the linear perturbations from compensated halo profiles. This is
guaranteed to respect conservation laws, as well as linear theory predictions on large scales. We
then provide a simple fitting function for the compensated halo profiles, and discuss the modified
predictions for 1-halo and 2-halo terms, as well as other cosmological observations such as weak
lensing power spectrum. Furthermore, we compare our results to previous work, and argue that the
amended halo model provides a more efficient and accurate framework to capture physical effects
that happen in the process of cosmological structure formation.
I. INTRODUCTION
The nature and composition of dark matter
has been a long-standing problem in cosmol-
ogy. All observational evidence for the existence
of dark matter has so far been purely gravi-
tational, and it is based upon these observa-
tions that we currently infer dark matter’s na-
ture and properties. Due to these observations,
it is currently hypothesized that dark matter
particles do not have any other detectable sig-
natures aside from gravity. As a result, they
also do not interact with standard model parti-
cles or photons, other than through their grav-
itational pull. Commonly proposed classifica-
tions for these particles include Weakly Inter-
acting Massive Particles (WIMPs) and axions
- for the model we study in this paper, either
one of these particles could work as long as the
particles themselves are cold, collisionless, and
have negligible self-interactions.
The most commonly used analytic framework
for the formation of dark matter structure in
cosmology has been the Standard Halo Model
(SHM), where dark matter particles clump to-
gether to form (nearly-) spherical virialized
structures known as halos. Dark matter particle
properties, along with the cosmological initial
conditions, determine the properties of SHM,
which describes how halos are formed and what
their internal structures are like (e.g., [1, 2]).
In spite of its success in describing the statis-
tics of nonlinear structures on small scales (e.g.,
[3]), the SHM is not dynamical, and thus has no
way to guarantee conservation laws, such as for
mass or momentum. This leads to unphysical
behaviour, such as significant deviations from
linear theory predictions at small wavenumbers,
k → 0, due to the dominance of the 1-halo term,
e.g., [2, 4]. This 1-halo term mainly describes
how dark matter density inside halo structures
correlate with each other and hence why it is
dominant on small scales but not on large scales.
Even though at first this may sound like
an academic question, current and upcoming
wide-field surveys of weak lensing, kinematic
Sunyaev-Zel’dovich effect, and pre-reionization
21-cm intensity will probe total mass, momen-
tum, and hydrogen mass on large scales. Thus,
they will be sensitive to theoretical deficiencies
such as violation of conservation laws that the
SHM entails. For example, the current SHM
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FIG. 1. Comparison of predictions for nonlinear mat-
ter power spectrum, using Amended Halo Model (intro-
duced here), HALOFIT [5], and the standard halo model
[2]. The data points are from Takahashi et al. simula-
tions [5]. It can be seen that the standard halo model
power starts to approach a constant value at small k’s
instead of 0, which is unphysical, as the standard model
does not conserve mass. In our amended model, the
power approaches 0 as k→0, similar to HALOFIT and
linear theory predictions.
overpredicts power in the region around the
halo radius, so observed data may be misin-
terpreted for objects that are not dark mat-
ter. As a result, we need to make amend-
ments to the current halo model in order to ob-
tain a more accurate picture of cosmic struc-
tures on all scales. This paper provides a
simple and user-friendly prescription to imple-
ment this amendment, what we will call the
Amended Halo Model. Our result can be vi-
sually summarized in Figure (1), which com-
pares our amended halo model predictions for
the matter power spectrum, to the standard
halo model which overpredicts power on large
scales.
The structure of the paper is as follows: Sec-
tion II briefly reviews the Standard Halo Model
(SHM) and its limitations, while Section III
outlines our amended halo model (AHM) and
how it addresses issues highlighted in Section
II. Section IV describes the method we used to
test AHM, Section V summarizes how well it
does in fitting the cosmological simulation data,
and Section VI discusses the predictions AHM
makes for weak lensing. Section VII briefly com-
pares our approach to previous work. Finally,
our results, implications, and future prospects
for the AHM are summarized in Section VIII.
II. STANDARD HALO MODEL (SHM)
The most important ingredient of the SHM
is that all cosmological halos approximately fol-
low a parametrized universal density profile.
The earliest proposal for this density profile was
the Navarro, Frenk, and White (NFW) profile
[6], which has been around since the 1990s, al-
though more precise extensions have been con-
sidered more recently [7–9]. The NFW profile
is the most commonly used profile to date, and
was developed through N-body simulations of
dark matter particles by Navarro, Frenk, and
White (NFW) [6]. By using the data from these
large scale simulations, they came up with a
formula that describes the spherically averaged
density of dark matter within halo structures.
This density was fitted by:
δNFW(r) ≡
ρ(r)
ρ¯
=
Ωmδc
(r/rs)(1 + r/rs)2
, (1)
where ρ(r) is the density of the halo region, r is
the radius from halo centre, and ρ¯ = 3ΩmH
2
8piG is
the mean density of the universe. δc is defined
as
δc =
200c3
3 [ln(1 + c)− c/(1 + c)] , (2)
where c = r200c/rs is the concentration pa-
rameter, defined as the ratio of r200c (within
which, mean halo density = 200× ρcrit), and rs
(known as the scale radius).
The NFW profile provides a good model for
dark matter density inside the virialized halo
region; however, significantly outside this re-
gion (i.e. on large scales), where r  rvir, there
does not exist a clear consensus on a universal
3dark matter density profile (see [8] for one pro-
posal). This is one of the main reasons why we
need large scale dark matter distribution mod-
els, such as SHM or AHM, beyond the NFW
profile - the NFW profile is limited in what it
can describe. While NFW works well inside ha-
los in dynamical equilibrium, it is not a good fit
for dark matter density beyond the halo radius
or for structures not in dynamical equilibrium.
In SHM, the matter overdensity is written as
a sum over halos:
δ(x) =
∑
j
δj(x− xj), (3)
or in Fourier space as:
δk =
∑
j
δjk exp(ik · xj). (4)
For individual halo profiles in SHM, we often
use the Fourier transform a mean profile (as-
suming its universality):
δjk '
M j
ρ¯
u(k|M j) ≡
∫
d3x exp(ik · x)δjmean(|x||M j).
(5)
M j here is not the total mass of the j-th halo,
which is not well-defined to begin with, but
rather the mass on a fixed scale. We opt to
use M200c as the mass within the radius where
the mean halo density is 200×ρ¯/Ωm.
Note that Equation (5) ignores the (possibly
correlated) variations in profiles of halos with
the same M j , which is a fundamental limitation
of the SHM, and halo models in general. We
shall come back to this issue, and our quick fix
for it, below.
For NFW profile (1), u(k|M) has the analyt-
ical form:
uNFW(k|M) = 4piρsr
3
s
M
{
sin(krs)
(
Si[(1 + c)krs]− Si(krs)
)
+ cos(krs)
(
Ci[(1 + c)krs]− Ci(krs)
)− sin(ckrs)
(1 + c)krs
}
,
(6)
where Si and Ci are the sine and cosine integral
functions respectively [2]. We find the concen-
tration parameter c using the Equations (56)-
(57) of Okoli & Afshordi’s 2015 [10]. We then
use this c to then find the scale radius from
NFW.
Let us now discuss the simplest application of
the halo model. Given a choice of halo profile
u(k|M), the matter power spectrum in SHM is
given by [2]:
PSHM(k) =
1
ρ¯2
∫
dMn(M)M2|u(k|M)|2 +
[
1
ρ¯
∫
dMMn(M)b(M)u(k|M)
]2
PL(k), (7)
where the first (second) term is known as the
1-halo (2-halo) term, corresponding to density
correlation within (in-between) halos. More-
over, n(M) is the halo mass function [11], b(M)
is the bias function [11, 12], and PL(k) is the
linear matter power spectrum.
As we discussed in Section I, there is no sim-
ple mechanism in SHM to enforce conservation
laws on large quasilinear scales. It is arbitrary
to split the density into multiple halos for small
k’s, or on large distances that involve several
halos. However, requiring δk → δL,k for small
k’s (i.e. approximately linear evolution on large
scales) will also require a fine-tuned cancellation
4between the diagonal and off-diagonal parts of
the covariance matrix of δjk, for 1-halo and 2-
halo terms. For example, this would not be sat-
isfied by the choice of a universal profile, such as
NFW (5), because NFW does not model dark
matter density well beyond the halo virial ra-
dius.
While such a constraint is hard to impose in
SHM (but see Section VII for a summary of
other attempts), in the next section, we develop
an Amended Halo Model that automatically sat-
isfies this constraint as k → 0, and yet replicates
the success of SHM at large k’s.
III. AMENDING THE HALO MODEL
Here, we propose a small improvement to the
halo model that automatically satisfies mass
conservation. As momentum is dependent on
mass, this change will help conserve momentum
as well.
To do this, we change Equations (3-4) to sep-
arate the linear overdensity from (now compen-
sated) halo profiles:
δ(x) = δL(x) +
∑
j
δj(x− xj) (8)
and thus
δk = δL,k +
∑
j
δjk exp(ik · xj). (9)
We also modify halo profiles u(k|m) to become
uAHM(k|M)→ f(krs)u˜NFW(k|M), (10)
where f(x) is a dimensionless fitting function we
find using simulation data. Now, requiring that
f(x)→ 0 as x→ 0 ensures that individual halo
profiles are compensated, i.e. have zero integral:
∫
d3x δj(x) = lim
k→0
δjk =
M j
ρ¯
uAHM(0|M j) = 0.
(11)
Furthermore, u˜NFW is defined to be the same
as uNFW for large k’s, but without the sharp
cutoff at r200c. In other words, we replace the
sharp real-space cutoff at virial radius in AHM,
with a gentle Fourier space cutoff f(x), that
smoothly interpolates between overdense and
underdense regions. As such, we let c→∞ (and
thus r200c → ∞) only within the curly brackets
in Equation (6) (not changing the prefactor):
u˜NFW(k|M) ' 4piρsr
3
s
M
{
sin(krs)
(pi
2
− Si(krs)
)− cos(krs)Ci(krs)} , (12)
Now, the power spectrum becomes
PAHM(k) =
1
ρ¯2
∫
dMn(M)M2|uAHM(k|M)|2 +
[
1 +
1
ρ¯
∫
dMMn(M)b(M)uAHM(k|M)
]2
PL(k),
(13)
This new power spectrum will automati- cally approach linear power when k → 0, as
5Ωb Ωm h σ8 ns
WMAP1 0.044 0.290 0.72 0.90 0.99
WMAP3 0.041 0.238 0.732 0.76 0.958
WMAP5 0.046 0.279 0.701 0.817 0.96
WMAP7 0.046 0.290 0.70 0.81 0.97
TABLE I. Cosmology parameters used in Takahashi et
al.’s simulations [5].
u˜AHM(k|M)→ 0, but will recover SHM on large
k’s with small corrections. In the next section,
we find that this amended model gives a better
fit at small k’s than the standard halo model
does, based on data from N-body simulations.
It also yields fits on the same level of accuracy as
the numerical HALOFIT package [5, 13], based
on a more solid physical picture of structure for-
mation.
IV. METHOD AND SIMULATIONS
In order to compare with the HALOFIT
model used in CAMB package [14][15], the data
used to investigate this amended halo model
was obtained through N-body simulations of
dark matter evolution, using Gaussian ΛCDM
linear initial conditions. The simulation data is
primarily from Takahashi et al.’s paper ([5], us-
ing Nishimichi’s simulations). We studied the
matter power spectra at z = 0 for different cos-
mologies, summarized in Table I. The simula-
tions had box sizes of 320, 800, and 2000 Mpc/h
and particle number of 10243, starting at red-
shift z = 99 and ending at z = 0.
V. RESULTS AND DISCUSSION
We apply Equations (8-13) to the power
spectra obtained from the simulation data of
Takahashi et al.’s [5] (used to calibrate the
HALOFIT model) and attempt to parametrize
the cutoff function f(x) in (10) that can fit the
data with an error ≤ 5%.
Furthermore, we require f(x) ∝ x2 for x 1,
while it approaches 1 for x 1. The former en-
sures that the (spherically) averaged halo pro-
file is analytic in k and compensated, i.e. the
leading term in δk should be k · k in the Taylor
expansion. The latter ensures that we recover
SHM with NFW profiles on small scales/large
k’s.
We find that the following parametrization
for f(x) satisfies these requirements:
f(x) =
ax2 + bx3 + dx4
1 + cx3 + dx4
, (14)
where the best-fit parameter values for a, b, c,
and d are listed in Table II. The fits are found
by minimizing the root-mean-squared of relative
errors, defined as:
Error ≡ 2
√√√√〈[P (k)simi − P (k)modeli
P (k)simi
]2〉
i
,
(15)
where the average is over the simulated data
points in k-space. Meanwhile, P (k)simi is the
power spectrum from simulation data, and
P (k)modeli is the theoretical power spectrum
from either (7) or (12), depending on whether
we are finding the error for the standard halo
model (SHM) or amended halo model (AHM).
The first parameter a also has the physical
significance of being related to the second mo-
ment of the compensated halo profile, i.e. Tay-
lor expanding Equation (5) in k, we can see
that:
a = − ρ¯
6M jr2s
∫
d3x|x|2δjAHM(|x||M). (16)
Since the compensated halo profile is over-
dense in the middle, and underdense in the out-
skirts, we expect the 2nd moment to be nega-
tive, and thus a > 0, as seen in our best fits in
Table II.
The resulting mean relative errors for differ-
ent simulations are summarized in Figure 2. Ta-
ble III compares the relative errors with those
of HALOFIT, assuming that we use the best-fit
parameters from Table II for each simulation.
6a b c d
WMAP1 0.018 10.5 10.7 3.03
WMAP3 1.94 20.2 21.6 0.0034
WMAP5 0.453 18.5 19.0 0.0055
WMAP7 0.577 18.4 18.9 0.0286
Mean 0.747 16.9 17.55 0.767
Stn Dev. 0.72 3.76 14.1 1.3
TABLE II. Table: Fitting parameters for (14) for the
different WMAP cosmologies from [5], with the average
and standard deviation for each parameter listed in the
last two rows.
We see that, while we achieve smaller errors
compared to HALOFIT, we also have more pa-
rameters per simulation (4/sim for this work,
versus 35/ 16 sim’s in [5]). If we fix all param-
eters to their average over 4 simulations, effec-
tively having 1 parameter per simulation, Tabel
IV shows that we get generally larger errors
than HALOFIT. Therefore, as a fitting func-
tion, AHM using Equation (14) has a compara-
ble performance to HALOFIT, while it is based
on a more physical underlying framework. We
also see that both AHM and HALOFIT do far
better than the SHM in fitting the simulated
data.
We can also use Akaike Information Criterion
(AIC) to compare HALOFIT and AHM. The
AIC is given as
AIC = 2κ− 2 ln(Lˆ) (17)
where κ is the number of parameters a model
uses, and Lˆ = exp(−χ2min/2) is its maximum
likelihood. The average AIC for our amended
model for the individually fitted parameters is
around 17,000, while for the mean parameters
the amended AIC is around 70,000. The aver-
age AIC for Takahashi et al.’s model is around
19,300 - a lot better than AHM using mean pa-
rameters but slightly worse than AHM’s indi-
vidually fitted parameters. However, this com-
parison should be taken with a grain of salt as
we are using the parameters found to minimize
relative error, not the χ2, to compute AIC.
To get a more physical picture, we can look
Standard HALOFIT Amended
WMAP1 0.23 0.053 0.027
WMAP3 0.29 0.042 0.033
WMAP5 0.25 0.034 0.029
WMAP7 0.25 0.037 0.029
TABLE III. Mean relative errors for the Standard Halo
Model (SHM), HALOFIT, and Amended Halo Model
(AHM) for the different WMAP cosmologies in Figure
(2), using each cosmology’s individually optimized pa-
rameters (Table I).
Standard HALOFIT Amended
WMAP1 0.23 0.053 0.11
WMAP3 0.29 0.042 0.08
WMAP5 0.25 0.034 0.031
WMAP7 0.25 0.037 0.029
TABLE IV. Errors for the Standard Halo Model
(SHM), HALOFIT, and Amended Halo Model (AHM)
if we use the average parameters for all the different
WMAP cosmologies, instead of their individually opti-
mized ones.
at the dark matter density that we obtain from
(12) by using an inverse Fourier Transform. On
smaller scales, inside the halos (at distances
smaller than the halo’s r200c), we should roughly
recover the NFW density profile. However, out-
side the virial radius of a halo, we should ex-
pect the amended ”compensated” profile den-
sity to go negative in order to satisfy mass con-
servation. From Figure 3, we see that our den-
sity profile does match NFW up to the mean
r200c ∼ 6 × rs, which is what we would expect
from theory. However, it crosses zero and be-
comes negative at roughly roughly 2× r200c, al-
though the exact value appears to depend on
cosmology.
From Figure 2, it can be seen that the de-
viation from simulation data (from [5]) result-
ing from our amended model is significantly
smaller than the deviation from the standard
halo model, indicating that this new modified
power spectrum is a better fit for dark matter
density in general. When k is a large enough
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FIG. 2. Comparison of Takahashi et. al’s simulation data [5] with the standard halo model (SHM), amended halo
model (AHM), and HALOFIT. The panels below each P (k) plot show the ratios of model to simulated spectra.
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FIG. 3. The best-fit compensated density profiles
for the amended model, in different cosmologies, com-
pared to the NFW profile. The light blue curve at the
top represents the NFW density profile, while the red,
green, black, and blue curves are the densities obtained
from our amended model for the WMAP1, WMAP3,
WMAP5, and WMAP7 cosmologies respectively. The
vertical lines are for the splashback radius from More,
Diemer, and Kratsov [16, 17], which is close to where
density starts decreasing rapidly in our model as well.
number - k ≥ 5 h/Mpc - the amended model,
the standard halo model, and the numerical
HALOFIT all produce similar results, as we
should expect given that HALOFIT and the
amended model are supposed to replicate SHM
on large k’s. However, as seen in Figure 2, AHM
and HALOFIT are significantly more accurate
than SHM on intermediate, scales with k ∼ 1
h/Mpc. Physically, this indicates that the cur-
rent halo model profile does require some com-
pensation to fit the data (!), similar to what
we proposed in (8)-(9). This new halo model
also conserves mass and fits the simulated dark
matter density as well as previous models, re-
sulting in a new physical model for dark matter
clustering on large scales.
Another advantage of AHM is that, unlike
SHM, it has little sensitivity to including small
halos. The reason is that in SHM, it is assumed
that all the mass is included in halos, and there-
fore convergence of integrals over halo mass re-
quires including relatively small halos. How-
ever, in AHM the halos are compensated (i.e.
have zero mass), and thus small halos do not
contribute to large scale observables.
101 102
L
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
10
7 L
2 (
L
+
1)
2 C
)L
/2
linear
amended
standard
HALOFIT
Planck data
FIG. 4. Predictions for CMB gravitational lensing
power spectra for our amended halo model (AHM), stan-
dard halo model (SHM), and linear power (while the
linear power spectrum is obtained from HALOFIT, this
is the initial power spectrum from a high redshift, and
not the same one we graphed in Figure 2 of present
day). The cosmology used here is WMAP7 since it has
the closest parameters to the 2018 Planck cosmological
parameters [23]. For comparison, we show the measure-
ment of CMB power spectrum from Planck 2018 (plot-
ted as the grey errorbars) [20]. It can be seen that the
SHM generally overpredicts power compared HALOFIT
and AHM, on small and large L’s. This is because of
non-conservation of mass on large scales in the SHM.
VI. CMB LENSING
We provide an example of how mass non-
conservation can impact observational predic-
tions. In this section we shall study the weak
lensing of cosmic microwave background (CMB)
maps, that is being measured with unprece-
dented precision using current and future ex-
periments (e.g., [18–20]). To see what power
AHM would predict, and show that SHM over-
predicts lensing power, we calculated the weak
lensing power that should be observed from the
Cosmic Microwave Background (CMB) [20, 21]
using AHM and the Extended Limber approxi-
mation [22].
This lensing power, as can be seen from Fig-
ure 4, matches the measurements from 2018
Planck results [20] fairly well. The standard
model does seem to overpredict the power (Fig.
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The white boxes show the Planck errors, while the blue
boxes show CMB-S4 projected errors [20, 24]. We see
that SHM is already disfavored at L & 100 by Planck,
while its discrepancy at L . 20 will be probed by CMB-
S4.
5), as a result of the large 1-halo contribution
to power spectrum at high redshifts. We believe
this is primarily because of a lack of mechanism
for mass conservation in the SHM.
VII. COMPARISONS TO PREVIOUS
ALTERNATIVE MODELS
In this section, we briefly summarize two
other approaches to extending the halo model,
which share some of the properties of the AHM.
In [25], Schmidt introduces an Effective Field
Theory approach to the halo model, or “EHM”,
that includes stochastic halo additive and mul-
tiplicative terms. As we discussed in Section II,
modelling the covariance of this stochasticity is
then the key ingredient in ensuring mass and
momentum conservation. While EHM might
be more realistic and general than the simple
version of the AHM presented here, it requires
modelling more free functions. EHM also does
not model the transition region where the 1-
halo term domination in the power spectrum
ends and the 2-halo term starts to take over,
which is addressed in AHM in this paper. From
Figure 2, it can be seen that even during the
transition region where SHM (0.5 h/Mpc . k .
2.0 h/Mpc) becomes inaccurate, AHM still fits
the data well.
Another similar approach was presented in
[26, 27], where the matter power spectrum is
modelled as the sum of the power evaluated us-
ing the Zel’dovich approximation, plus an ef-
fective “compensated” 1-halo term. While this
provides a good fit to simulations for k . 1
h/Mpc, with a relatively small number of pa-
rameters, it is not clear that it can be inter-
preted as a consistent halo model, as the com-
pensated halo profile is not included in the
Zel’dovich spectrum (which replaces the 2-halo
term). For example, finding the bispectrum
would require introducing additional free func-
tions. One bi-product of this inconsistency
might be the large halo compensation scale of
∼ 26 Mpc/h, which is significantly larger than
the sizes of halos in Lagrangian coordinates. In
contrast, our compensation scale (e.g., the min-
imum of ρ(r)r3 in Figure 3) is ∼ 5 Mpc/h for
1014M/h halos, which is comparable to the La-
grangian radius of ∼ 7 Mpc/h for these halos.
Furthermore, the approaches of [26, 27] are built
as Pade expansions in k, and unlike AHM (or
SHM), cannot be extended to the deeply non-
linear regime.
VIII. CONCLUSIONS AND FUTURE
PROSPECTS
In this paper, we introduced the amended
halo model (AHM) of structure formation,
which fixes the problem of mass non-
conservation in the standard halo model (SHM),
utilizing a simple and user-friendly framework.
The compensated halo profiles in AHM provide
predictions for the matter power spectrum (13)
that fit N-body simulation data as well as the
parametrized HALOFIT model used in CAMB,
and better than the standard halo model for mid
to small values of k (k ≤ 5 h/Mpc). This leads
to an accurate and physical halo model that
conserves mass and fits simulations and theo-
10
retical expectations, on both small and large
scales.
Momentum conservation here is expected
mostly a result of mass conservation. Since mo-
mentum is dependent on mass, conserving mass
also results in conserving momentum, if we as-
sign a uniform velocity to each halo. On large
scales, momentum distribution is the same in
linear theory, but halos are expected to have
their own compensated momentum profiles, a
topic that we shall defer to future study (see
below).
While the current model introduces the
AHM, several future steps can be anticipated:
1. Future work is needed to see whether
AHM can be further developed to include
halo substructure.
2. Since our halos are compensated, the
lowest order multipole moment is dipole.
While the mean dipole would vanish for an
average profile, it could have a scatter that
contributes to the matter power spectrum
on large quasilinear scales. It would be in-
teresting to hunt for this dipole signal in
simulations or weak lensing observations.
3. More generally, should (co-)variance of
halo profiles be included in the AHM
framework, and if so, how?
4. Can we use match-filter methods to di-
rectly measure mean compensated halo
profiles from N-body simulations?
5. The AHM framework can be further fine-
tuned and/or tested using larger boxes, as
well as neutrino and/or baryonic effects.
6. Similar to CMB lensing studied here,
it would be interesting to see how
predictions for the kinematic Sunyaev-
Zel’dovich effect and 21cm intensity map-
ping at high-z, which may be sensitive to
momentum and hydrogen mass conserva-
tion, might be impacted.
7. Another potential application of AHM is
capturing environmental dependence of
halo properties through cross-terms such
as : ∑
j
〈δL(x′)δj(x− xj)〉, (18)
that contribute to 2-point correlation
function (or the power spectrum). This
could be further generalized to other trac-
ers, such as galaxies or hot gas, by quanti-
fying how profiles of individual halos may
be different for environments with differ-
ent linear overdensities.
8. AHM can be used to model 1-point prob-
ability distribution function for conserved
observables, such as weak lensing conver-
gence, or kinetic Sunayev-Zel’dovich effect
(e.g., extending treatment introduced in
[28]).
9. Momentum conservation here is a result
of mass conservation, but halos can have
their own compensated momentum pro-
files, which is not addressed here. Explor-
ing how this momentum profile will fit into
AHM can give further physical evidence
and insights for the need of halo model
amendments.
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